Abstract: The soil active layer in boreal forests is sensitive to climate warming. Climate-induced changes in the active layer may greatly affect the global carbon budget and planetary climatic system by releasing large quantities of greenhouse gases that currently are stored in permafrost. Ground surface temperature is an immediate driver of active layer thickness (ALT) dynamics. In this study, we mapped ALT distribution in Chinese boreal larch forests from 2000 to 2015 by integrating remote sensing data with the Stefan equation. We then examined the changes of the ALT in response to changes in ground surface temperature and identified drivers of the spatio-temporal patterns of ALT. Active layer thickness varied from 1.18 to 1.3 m in the study area. Areas of nonforested land and low elevation or with increased air temperature had a relatively high ALT, whereas ALT was lower at relatively high elevation and with decreased air temperatures. Interannual variations of ALT had no obvious trend, however, and the ALT changed at a rate of only −0.01 and 0.01 m year −1 . In a mega-fire patch of 79,000 ha burned in 2003, ∆ALT (ALT i − ALT 2002 , where 2003 ≤ i ≤ 2015) was significantly higher than in the unburned area, with the influence of the wildfire persisting 10 years. Under the high emission scenario (RCP8.5), an increase of 2.6-4.8 • C in mean air temperature would increase ALT into 1.46-1.55 m by 2100, which in turn would produce a significant positive feedback to climate warming.
Introduction
As a crucial component of the permafrost system, the soil active layer is subjected to freezing and thawing on an annual basis and thus plays an important role in regulating the energy, water, and carbon cycles [1] [2] [3] . An increase in the active layer thickness (ALT) is regarded as an initial response of permafrost to global warming [4, 5] . Thickening of the active layer releases carbon dioxide and methane stored in the upper layer of permafrost, which then further contributes to warming the global climate [6] . In the context of global change, the thickness and distribution of the active layer may be significantly influenced by interactions among climate, topography, land cover, and land use at various spatial scales [7] . Meanwhile, active layer dynamics can have pronounced effects on the hydrology and hydrogeology of land surfaces and also can affect ecological and biogeochemical processes in ecosystems [6] , such as vegetation growth [8] and greenhouse gas emissions [9, 10] . Additionally, the active layer and permafrost beneath can be impacted by human activities and can influence the well-being of people and infrastructure [11, 12] . For example, deforestation may reduce the permafrost table, while thickening of the active layer can degrade human habitats by destabilizing structures [2, 13] . Knowledge of active layer dynamics is crucial to determining ecosystem stability and also its societal impacts at high-latitude locations of the northern hemisphere [4] , making it a significant topic in cryosphere research.
Previous studies that have examined changes in the ALT during the contemporary period have mainly used soil temperature observations based on frost probing (e.g., [7, 8, [14] [15] [16] ). Traditional station-based active layer mapping (e.g., [17, 18] ) is relatively simple and straightforward but fails to reflect the high spatial heterogeneity of the ALT. To mitigate this problem, a number of geophysical process models (e.g., the Geophysical Institute Permafrost Lab model [19] , and the Northern Ecosystem Soil Temperature model [20] ) have been developed. These models typically accurately depict the relationship between the active layer and its influencing factors. However, some key variables in these models are difficult to obtain at regional scales, such as the aerodynamic resistance between the canopy and overlying air (e.g., in the Northern Ecosystem Soil Temperature model), thus making it difficult to apply these modelling approaches across different regions.
Remote sensing has great potential for monitoring changes of the active layer and permafrost because it offers continuous land surface data sets (e.g., surface temperature and emissivity) and allows broad scale coverage (e.g., [21] [22] [23] [24] ). However, directly estimating thaw depth with remote sensing remains difficult because it is difficult to detect soil properties below the ground surface. Thick snow depth also makes remote sensing hard to detect soil thermal regimes in the winter. Thus, the integration of remote sensing and permafrost modeling provides an effective way to investigate changes in both the thickness and distribution of the active layer.
This study investigated the ALT by combining permafrost modeling and remote sensing imagery in Chinese boreal larch forests from 2000 to 2015. Chinese boreal larch forests play an important role in the regional carbon budget. This landscape has also undergone rapid development and experienced climatic warming in recent decades [25] . The main objectives of this study were as follows: (1) to estimate the distribution of active layer thickness; (2) to examine changes in ALT in response to climate change; and (3) to identify drivers of spatio-temporal patterns of ALT in the study area.
Materials and Methods

Study Area
The present study focused on the Chinese boreal larch forests (50 • 00 -53 • 33 N, 119 • 12 -127 • 00 E) of northeastern China (Figure 1 ), which is located in the southward extension of the Eurasian permafrost [25, 26] . This area is characterized by a cool-temperate continental monsoon climate with long and severe winters, but short and warm summers [27] . Mean annual air temperature is approximately −2.6 • C with 80-110 frost-free days per year. The mean annual precipitation is 428-526 mm with more than 60% falling in summer [28] . Snowfall (snow water equivalent) is less than 20% of the total precipitation. Snow depth is typically less than 50 cm and snow melts completely in summer. Atmospheric temperature inversions caused by Siberian high pressure strongly influence the winter climate in the study area [25] . The dominant tree species in this region is Larix gmelinii ( Figure S1 ), with a significant population of Pinus pumila growing on hilltops and shady slopes. Shrubs, grasses, and mosses grow interspersed among the trees [25] on primarily Umbri-Gelic Cambisol [29] . The presence of dense forests and understories facilitates the preservation and development of permafrost [30] . stations. An inset map shows the location of the study area within China. The study area is covered by discontinuous (pink area) and sporadic permafrost (outside of pink polygon).
The entire study area is located within the discontinuous and sporadic permafrost zones (see Figure 1 ) [31] . Forests in the study area are prone to experiencing periodic wildfires, with fires return interval ranging from 30 to 120 years [32] . On 5 May 2003, a mega-fire occurred burning about 79,000 ha in the center of Genhe County (see Figure 1 ).
Remote Sensing Data
This study employed the level 3 MODIS eight-day tiled land surface temperature (LST) product. Previous studies have shown that MODIS LST exhibited a high correlation with the near-surface air temperature as recorded by weather stations (e.g., [33] [34] [35] ). The period of the thaw was identified when mean daily LST was exceeded 0 °C. Although the LST data used in this study was the eightday product, some null values were included due to poor weather conditions. These missing data were offset with a sliding window interpolation [36] .
Modeling the Active Layer
In this study, we used the Stefan equation to estimate ALT. This equation has previously served as an analytical model that has been widely used in predicting thaw depth in soils when little sitespecific information is available [37] . The model is expressed as [7] = √
where is the active layer thickness; is index of thawing (°C-day), which is the sum of the mean daily ground surface temperature (GST) above 0 °C ; and is an edaphic term, which is given as The entire study area is located within the discontinuous and sporadic permafrost zones (see Figure 1 ) [31] . Forests in the study area are prone to experiencing periodic wildfires, with fires return interval ranging from 30 to 120 years [32] . On 5 May 2003, a mega-fire occurred burning about 79,000 ha in the center of Genhe County (see Figure 1 ).
Remote Sensing Data
This study employed the level 3 MODIS eight-day tiled land surface temperature (LST) product. Previous studies have shown that MODIS LST exhibited a high correlation with the near-surface air temperature as recorded by weather stations (e.g., [33] [34] [35] ). The period of the thaw was identified when mean daily LST was exceeded 0 • C. Although the LST data used in this study was the eight-day product, some null values were included due to poor weather conditions. These missing data were offset with a sliding window interpolation [36] .
Modeling the Active Layer
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where Z is the active layer thickness; DDT is index of thawing ( • C-day), which is the sum of the mean daily ground surface temperature (GST) above 0 • C; and E is an edaphic term, which is given as
where λ is the thermal conductivity of thawing soil (W m −1 • C −1 ); s = 86,400 (s day −1 ) is a time conversion factor; Q is the volumetric latent heat of fusion (J m −3 ); and n is the n-factor, which is equal to the ratio of degree-day sums of ground surface to air temperatures when both of them are above 0 • C. The n-factor not only characterizes the seasonal winter and summer surface energy balance [38] , but also incorporates all microclimatic effects (radiation, convection, evapotranspiration, etc.) related to vegetation [39] . The n-factor is used to establish the thermal boundary condition at the ground surface and then improve the estimates of ALT [40] .
Parameter Estimation and ALT Prediction
In the Stefan equation, λ was calculated by an empirical model [41] . During the thaw period, [41] , in which w is soil water content and calculated by weighing sampled soils after drying in the oven; ρ is the soil bulk density (kg m −3 ), assumed to be 1.37 × 10 3 kg m −3 in this study area [42] . Q is the volumetric latent heat of fusion (J m −3 ); Q = ρL, where L is the latent heat of fusion for water, equaling to 334 kJ kg −1 [43] . According to data from weather stations in the study area, the n factor was 1.22 during the thaw period from 2000 to 2014.
To calculate DDT, we collected the GST data from eight meteorological stations (see Figure 1 and Table S1 ) and then calculated the mean eight-day GST from 2000 to 2015. Overall, the mean GST was above 0 • C from day 105th to 281st in most years. Thus, we created a linear equation of GST in response to MODIS LST in the thaw period from 2000 to 2015 and evaluated the linear model by adjusted R square. Using this linear model, we estimated the GST data of the entire study area and then calculated DDT for each year. We predicted ALT for the high-emission scenario (RCP8.5), under which the air temperature is expected to increase by 2.6-4.8 • C by 2100 [44] . First, we created a linear equation between air temperature and GST based on data in the summer over 16 years. Second, using this equation, we predicted GST by 2100 and then calculated DDT. Third, we modelled ALT and validated the output by the method of replacing time with space. It was difficult to predict air temperature and GST during the thaw period. We made several assumptions to predict ALT by 2100: mean air temperature in the summer also increased 2.6-4.8 • C; the edaphic parameter and length of thaw period were not changed; and the linear equation between LST and GST could be used to estimate GST in the future.
Model Evaluation and Output Analyses
Model performance was evaluated against field-measured ALT. We selected 13 sites for validation (as shown in Figure 1 ) with each validation site having two to seven investigated points (Table S2 ). By drilling boreholes and using electronic thermometer, we measured ALT as the depth between the ground surface and the soil layer at 0 • C in late September 2015. Sensitivity analysis was used to determine which parameter contributed most to uncertainties in ALT estimation, and then to predict future changes in ALT. We used the one-at-a-time measures technique, which calculated the output by repeatedly varying one parameter at a time and holding the others fixed [45] , to analyze the sensitivities of DDT and the n-factor to ALT. Mann-Kendall test and the Sen's methods were used to determine the change trend in ALT ( Figure S2 ). The data analysis was performed in R (R Development Core Team, 2009). Four R packages (sp, rdgal, raster, and trend) were used in this study.
To analyze the influence of wildfire on ALT, we selected the unburned area of Genhe County as a control. We used the GIS control site selection method described in Dilts et al. [46] to ensure that both burned and unburned areas had similar characteristics, such as land cover type ( Figure 1 ) and elevation. We calculated ∆ALT (ALT i -ALT 2002 , where 2003 ≤ i ≤ 2015). By comparing ∆ALT between the control and burned areas, we analyzed the influence of wildfire disturbance on ALT.
Results
Model Evaluation and Parameter Sensitivity
We found that GST can be robustly estimated with the MODIS LST during the thaw period ( Figure 2 ). The relationship between LST and GST can be shown as GST = 1.0328 × LST + 0.9579 (R 2 = 0.71, p < 0.001). We calculated the number of degree days of thaw based on this equation and then modeled ALT using the Stefan equation. The observed and modelled mean ALT of the 13 validation sites were both 1.16 m. The mean relative error was 7%, while the root mean square error was 0.1 m, indicating an accurate representation of ALT in this study area with the Stefan equation. An increase of 50% in DDT would increase ALT by 22%, while a 50% decrease may decrease ALT by 29% ( Figure 3a ). Based on the data from six weather stations located in this region, the mean n-factor in the thaw period was 1.22 and its standard deviation was 0.24 over 16 years of observation, which would lead to a 10% variation in ALT (Figure 3b ).
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Active Layer Thickness
The mean ALT in Chinese boreal larch forests fluctuated between 1.18 and 1.3 m from 2000 to 2015 without exhibiting an obvious temporal trend. Results from the Stefan equation showed that mean ALT slightly increased in the first three years, and then decreased 0.11 m in the following seven years. After that, the mean ALT unchanged from 2010 to 2012, and then decreased by 0.08 m in 2013 while increasing 0.09 m through 2015. Interannual variations of ALT in discontinuous and sporadic permafrost areas (1.13-1.27 m and 1.22-1.33 m, respectively) were similar to the ALT of the entire study area.
Overall, ALT was low in the west-central part of the study area and high in the eastern and the southernmost parts. In most years, ALT was lower than 1.1 m in Genhe County and western Huma County, which featured the highest elevations of the study area. Active layer thickness was larger than 1.2 m in Xinlin County and eastern Huma County at relatively low elevations. The largest ALT occurred in southern Erguna County at the lowest latitude in the region. The regional-level spatial distribution pattern of ALT was similar across years of the study period.
The active layer significantly deepened in northeastern Tahe, northern Mohe, eastern Huma, the center of Erguna, and the area along the border between Mohe and Genhe counties ( Figure 4 ). Active layer depth significantly decreased in southern Erguna and some areas burned more than a decade ago. In most areas, ALT had not changed significantly. Overall, the change rate of regional-level ALT was less than 1 cm year −1 (Figure 4 ).
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Discussion
Estimation of Active Layer Thickness
Our estimation results were consistent with the latitudinal temperature distribution when compared with data from Circumpolar Active Layer Monitoring program. In this program, Brown et al. [14] reported that ALT was low in northern Alaska (0.3-0.6 m) but higher in Svalbard, Norway (0.96-1.57 m). In our study area, ALT was previously measured at about 1.5-3 m by ground penetration radar near the downtown area of Mohe [47] , larger than estimate in this study (1.2-1.3 m) . ALT was estimated at between 1.1 and 1.2 m in Huzhong National Nature Reserve, one of the areas in western Huma. This depth was similar to the measurements from Lv et al. [48] that showed the ALT in this region was 0.4-1.4 m.
Our results differed from other studies (e.g., [25] ) that suggested that permafrost was becoming degraded and the active layer had deepened as a result of global climate warming. The active layer was not only influenced by air temperature but also by topography and land cover. In comparison to estimating ALT with air temperature, LST, as the main data source of this study, provided more information on the spatial and temporal variations of the state of equilibrium at the surface [49] .
Spatio-Temporal Variations in Active Layer Thickness
Although the regional-level spatial and temporal variations in ALT were largely affected by air temperature, other factors-such as vegetation, snow density and depth, slope, aspect, waterbodies, etc. [7] -also influenced the thickness and distribution of the active layer by regulating the temperature.
Mean summer air temperature increased in Mohe and Tahe counties but had no obvious trend in Xinlin and Huma counties over 16 years. Air temperature decreased in Erguna in the summer from 2011 to 2015 ( Figure S3 ). An increase in air temperature will result in increased heat input into soil and accelerate the degradation of permafrost. Thus, the increasing trend of ALT in the northeastern part of the study area is considered to be caused by an increase in air temperature. The significant decrease of ALT in southern Erguna may have been caused by a decrease in air temperature.
Elevation was negatively correlated with ALT (p < 0.001, Figure S4 ) because the air temperature and GST decrease with an increase in elevation. In areas with elevations above 800 m, the mean DDT was 1898-2390 • C-day, about 261-377 • C-day lower than that in areas with elevations below 800 m. Additionally, the changes of land cover and land use will affect ALT by altering evapotranspiration and heat input into the soil. For instance, forest cover protects permafrost from degradation better than grassland because the former has a strong evapotranspiration and shading effect. Wildfire can remove the organic layers and vegetation, which will accelerate the exchange of energy between air and soil. Mean summer GST and ALT would increase after a wildfire, especially soon after a wildfire occurs. In control area of the Genhe mega-fire, the mean DDT decreased by 116-482 • C-day during 2003 to 2015 in comparison to 2002. However, the difference of DDT between pre-and post-fire was 56-423 • C-day larger in the burned area than in the control area since 2003. This result suggests that the effects of wildfire on ALT were partly offset by a decrease in DDT that presented in the control area. Vegetation restoration is expected to cause the effects of wildfire on ALT to diminish over time. Increased vegetation cover creates shading that reduces the amount of solar radiation reaching the ground and cools the surface by enhancing evapotranspiration [50] . Therefore, the change trend of ALT was negative in early burned areas. However, self-thinning becomes an active process when a young even-aged forest grows to maturity [51] , resulting in a relatively open forest cover, which may increase the amount of solar radiation reaching the ground. The interannual variation of ALT is considered to be the result of the interaction between air temperature, wildfire, vegetation recovery, and self-thinning in early burned areas.
Land cover change such as building infrastructure may accelerate a deepening of the active layer. The ALT under natural surfaces is lower than under asphalt pavement because asphalt can absorb heat and reduce evaporation [52] . Logging in the study area has greatly disturbed forest environments; the present study area is one of the main sources of lumber in China. Original and secondary forests have partially disappeared because of an increase in the size of the human population in the region [25] . These anthropogenic disturbances could cause an increase in soil temperature and deepen the active layer. Brown et al. [53] found that the depth of thaw doubled after vegetation removal. Deforestation often destroys the moss and litter layers and weakens their insulating effect. This allows more insolation and wind to reach the ground surface and may increase the amount of sensible and latent heat released to the environment, especially in freezing seasons [25, 54] . Human disturbance, however, has less of an effect on ALT in high elevation areas where wetlands and national nature reserves occupy a significant proportion of landscape and provide a level of environmental protection and stability.
Uncertainty Analysis
Although the Stefan equation performed well, we would like to acknowledge some uncertainties in the present study. First, we modeled ALT using 1-km MODIS data, which cannot detect the influence of microscale (<1 km) factors on ALT. Second, soil thermal conductivity was calculated by soil water content that was limited by the investigation and spatial heterogeneity. Third, the n-factor was a key parameter in the Stefan equation and impacted by soil conditions and other factors. It had spatio-temporal variability even though we analyzed parameter sensitivity. To analyze the related uncertainty, however, we found that ALT would increase about 9.5% if thermal conductivity increased by 20%; an increase of 20% in soil volumetric latent heat of fusion would result in a decrease in ALT by 8.8%. The maximum n-factor (1.48) was calculated in Tahe in 2008 while the minimum (1.09) was in Mohe in 2012. In comparison to the mean n-factor, the maximum n-factor increased ALT by 10% and the minimum decreased by 5%.
Although we modelled ALT in the future, the influence of winter air temperature and snow were not taken into account. Warming occurred in winter and spring is stronger than in summer [55] , which suggests that the estimated ALT may be lower than values based on soil temperature measurements. A deep snow cover may protect soil from cold atmosphere and foster high soil moisture levels, leading to greater ALT. In contrast, some studies (e.g., [56] ) indicated that snow cover had small effects on ALT. Zhang et al. [57] found that snow cover was either positively or negatively related with ALT. According to an investigation in Chinese boreal forest, snow cover with less than 15 cm has a little influence on the ground temperature, even a thickness of 15-30 cm snow thickness cannot protect ground surface temperature from the influence of the shortwave radiation reaching the snow-ground interface [58] .
It is hard to predict air temperature and GST during the thaw period by 2100, resulting in uncertainty in our output. However, we used the method of replacing time with space to validate the modelled output. Mean air temperature during 2000 to 2015 was 0.15 • C in Huma and −3.59 • C in Mohe. We assumed that air temperature increased from −3.59 • C to 0.15 • C in the future, then compared GST and ALT between Huma and Mohe. Mean ALT over 16 years increased from 1.33 m to 1.43 m. Therefore, we considered that the predicted ALT by 2100 was seasonable. Using the same model, Woo et al. [59] predicted that the ALT may increase by 0.3 m by 2100 in the boreal forest of the Mackenzie Valley, which was favorably comparable with ours (increased from 1.18-1.3 m to 1.46-1.55 m).
Conclusions
The current research demonstrates a method for integrating modelling with remote sensing data for estimating the thickness and distribution of the active layer in Chinese boreal larch forests. Active layer thickness varied from 1.18 to 1.3 m from 2000 to 2015. Temporal variations in regional-level ALT were less than 0.1 m in most areas over 16 years, with a change trend of ±0.01 m year −1 . The areas of low ALT were in areas of high elevation and decreased air temperature, whereas the areas with high ALT were in areas of low elevation, nonforested land, human or natural disturbances, and increased air temperature. In the burned area of Genhe, the influence of wildfire on ALT appeared to last for 10 years. Under the high emission scenario (RCP8.5), mean ALT would increase to 1.46-1.55 m by 2100.
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